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Monday, February 27, 2012 325aA large number of toxins from sea anemone have been previously shown to
modulate voltage-gated Naþ channel (Nav) function. The aim of this study
was to test whether APETx2, at concentrations used to block heterotrimeric
ASIC3 containing channels, affects Nav function in sensory neurons. The effect
of APETx2 on Nav function was studied using the whole-cell patch-clamp
technique on acutely dissociated small-diameter rat dorsal root ganglion
(DRG) neurons.
In our study, APETx2 inhibited the tetrodotoxin (TTX)-resistant Nav1.8 cur-
rents of DRG neurons in a concentration-dependent manner with an IC50 of
~3 mM. TTX-sensitive currents were inhibited to a smaller extent. The ob-
served inhibition of Nav1.8 currents is due to a rightward shift in the voltage
dependence of activation, and a reduction of the maximal macroscopic con-
ductance. In current-clamp experiments in DRG neurons the number of
action potentials induced by injection of a current ramp was reduced by
APETx2.
APETx2 inhibits, in addition to ASIC3, Nav1.8 channels at concentrations used
in in vivo studies. The limited specificity of this toxin should be taken into ac-
count when using APETx2 as a pharmacological tool. Its dual action will be an
advantage for the use of APETx2 or its derivatives as analgesic drugs.
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Voltage-gated sodium(NaV) channels are critical in initiating and propagating
nerve impulses in a variety of tissues including, skeletal(NaV1.4) and cardiac
(NaV1.5) muscle, brain(NaV1.2), and peripheral nerve(NaV1.7). Of special in-
terest as a potential drug target is NaV1.7, which mediates propagation of pain
signals from receptors to the CNS. Selective blockers of this channel could of-
fer an important analgesic treatment. m-Conotoxin KIIIA blocks NaV1.2, 1.4
and 1.7, expressed in mammalian cells(Kds: 5, 37, and 97nM respectively).
We found two positions in KIIIA, where substitutions alter its selectivity
among these channels. KIIIA-H12A shows increased potency for NaV1.7 com-
pared with NaV1.2 and 1.4, but remains more potent against NaV1.2 than
NaV1.7(Kds, mM: NaV1.2,10.8; NaV1.4,110 and NaV1.7,19. The second de-
rivative, KIIIA-R14A, inhibits NaV1.7 more strongly than both NaV1.2 and
NaV1.4 with Kds (mM): 0.5, 1.1 and 5.7 for NaVs 1.7, 1.2, and 1.4, respec-
tively. These changes in toxin selectivity are associated with differences in
the outer ring charges of these channels. The ‘‘outer ring’’ pore-vestibule res-
idues in all NaV channels, except hNaV1.7, are EEDD. In hNaV1.7, the third
aspartate is replaced by isoleucine. We have tested reciprocal mutations at this
position(NaV1.4D/I and NaV1.7I/D), and these mutations account for the dif-
ferences in Kd for the wild-type toxin. These channel mutants show no differ-
ence from the native channels for block by KIIIA-R14A, suggesting the
interaction between the toxin/channel pair has been removed (double mutant
cycle analysis yields DDG=~1.7kT). We further examined these two positions
by synthesizing the double mutant, KIIIA-H12Q/R14A, to examine its potency
against NaV1.7. Preliminary data indicate that the double mutant(KIIIA-H12Q/
R14A) inhibits NaV1.7 more strongly than either NaV1.2 or NaV1.4(Kds:23,
286, and 70 mM, respectively). Thus, interactions with this channel residue
could be important in designing blockers that differentially interact with the
outer ring to increase their selectively for NaV1.7.
1650-Pos Board B420
Mapping the Receptor Sites for a b-Scorpion Toxin on the Pore Module in
Domain III of Voltage-Gated Sodium Channels
Joel Z. Zhang1, Vladimir Yarov-Yarovoy2, Todd Scheuer1, Izhar Karbat3,
Lior Cohen3, Dalia Gordon3, Michael Gurevitz3, William A. Catterall1.
1University of Washington, Seattle, WA, USA, 2University of California,
Davis, CA, USA, 3Tel-Aviv University, Tel-Aviv, Israel.
Activation of voltage-gated sodium (Nav) channels initiates and propagates ac-
tion potentials in electrically excitable cells. The -scorpion toxin CssIV traps
a voltage-sensor of Nav channels in its activated state via a voltage-sensor trap-
ping mechanism and thus shifts their voltage dependence of activation to more
negative membrane potentials. The SS2-S6 linker of the pore domain in do-
main III (IIISS2-S6) is crucial in determining the action of CssIV upon Nav
channels. We found that five substitutions at four amino acid residues in
IIISS2-S6 markedly alter voltage-sensor trapping current (IVST) by a recombi-
nant toxin derivative, CssIVE15A. These residues are concentrated in the region
between N1436 and D1445 and form a discontinuous interaction site. Three of
them (E1438A, D1445A and D1445Y) markedly decrease IVST, whereas the
other two (N1436G and L1439A) markedly increase IVST. N1436G increases
binding affinity of CssIVE15A to Nav channels in the resting state, whereas
L1439A increases the efficacy of trapping the activated voltage-sensor bythe prebound toxin. Time courses of voltage sensor trapping for the WT and
mutant channels fit an allosteric kinetic model that includes a lower affinity
resting state and a higher affinity activated/trapped state. Structural modeling
suggests that the IIISS2-S6 is in close proximity to the IIS1-S2 and IIS3-S4
linkers in 3D space and that the bound toxin sits in a cleft formed by these three
extracellular loops. Our results define the molecular map of a third interacting
component of the -scorpion toxin receptor site of mammalian Nav channels and
provide new molecular details of the voltage-sensor trapping mechanism of
toxin action.
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Voltage-gated sodium channels underlie the rapid regenerative upstroke of ac-
tion potentials and are modulated by cytoplasmic calcium ions through a poorly
understood mechanism. We describe the 1.35 A˚ crystal structure of Ca2þ
bound calmodulin (Ca2þ/CaM) in complex with the inactivation gate (DIII-
IV linker) of the cardiac sodium channel (NaV1.5). In conjunction with isother-
mal titration calorimetry (ITC), we identify novel inactivation gate mutations
that enhance or diminish Ca2þ/CaM binding, which, in turn, sensitize or abol-
ish Ca2þ regulation of full-length channels in electrophysiological experi-
ments. Additional ITC experiments support a model whereby a single Ca2þ/
CaM bridges the C-terminus IQ motif to the DIII-IV linker via individual N-
and C-lobes. The data suggest that Ca2þ/CaM impedes binding of the inacti-
vation gate to its receptor, thus biasing inactivation toward more depolarized
potentials.
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Voltage-dependent sodium channels in the NaV1 family control action poten-
tials in neurons and muscle. They are regulated by calmodulin (CaM), an es-
sential eukaryotic calcium sensor that contains two highly homologous
domains (N andC). NaV channelopathies include epilepsy, Long QT syndrome,
ventricular fibrillation, familial autism, and pain insensitivity. Some mutations
are in or near an IQ motif (IQxxxBGxxxB, B = K, R) in the intracellular C-ter-
minal tail of the pore-forming alpha subunit where CaM binds tightly. In the 11
residues of each NaV IQ motif, only the Q is completely conserved. In NaV1.2
(2KXW) and NaV1.5 (2L53), both apo and Ca
2þ-saturated CaM anchor to the
IQ motif via C. However, Ca2þ binding to CaM changes its conformation and
lowers its affinity for the IQ motif. To determine how CaM translates changes
in intracellular [Ca2þ] into conformational work, and how it regulates multiple
isoforms of NaV, we are using NMR and fluorescence to test how CaM discrim-
inates between IQ motifs of NaV and how disease-causing mutations uniquely
affect binding of apo and calcium-saturated N and C. To determine energetic
differences in CaM binding to IQ motifs, we embedded each sequence into
an auto-fluorescent biosensor (YFP-IQ-CFP) to determine their affinity for
CaM, and each CaM domain individually. Biosensor quantum yield permits
resolution of dissociation constants close to 1 nM from equilibrium titrations.
Based on thermodynamic and structural studies of (Ca2þ)4-CaM bound to IQ
motifs in the CaV family, a homology model is proposed for (Ca
2þ)4-CaM
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Cardiac sodium channels (Nav1.5) are principal molecular determinants re-
sponsible for myocardial conduction and maintenance of the cardiac rhythm.
Intracellular calcium can trigger dual-mode regulation of the cardiac sodium
channel but the mechanisms whereby intracellular Ca2þmay directly modulate
Naþ channel function have yet to be identified.
Whole-cell and perforated patch clamp experiments were performed to study
the effects of NVP-1 on the hNav1.5. In the automated patch clamp Nav1.5 as-
say on the IonWorks Quattro system (perforated patch clamp mode), NVP-1
was inactive, producing only 13% inhibition of the Naþ current (INa) at 50
mM, while in conventional patch clamp experiments (in whole-cell patch clamp
mode) it blocked the channel with an IC50 value of 5.45 mM. In conventional
patch clamp experiments intracellular Ca2þ concentration ([Ca2þ]i) was very
326a Monday, February 27, 2012low due to presence of 1 mM EGTA and no added Ca2þ in the intracellular so-
lution. When [Ca2þ]i was adjusted to 10 mM in whole-cell patch clamp mode
and in perforated patch clamp experiments in which [Ca2þ]i was near resting
levels, NVP-1 had a small effect on the current (28% at 10uM). In perforated
patch clamp experiments, when cells were incubated with BAPTA-AM (50
mM for 30 min) NVP-1 blocked the channel with an IC50 =7.2 mM. The inhib-
itory effect of amitriptyline was not dependent on [Ca2þ]i and blocked the
channel with an IC50 value of 1.2 mM in whole cell or perforated patch clamp
experiments.
Our data suggest that inhibition of Nav1.5 channels by NVP-1 is calcium de-
pendent. It is proposed that interaction of NVP-1 with the channel involves
the IQ-motif or CaMKII phosphorylation which is prevented in low [Ca2þ]i.
It is also possible that in low [Ca2þ]i. NVP-1 has low affinity for binding or
even can bind to EFL or IQ-motif instead of Ca2þ/CaM/CaMKII.
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The general topology repeating in the Voltage-Gated Ion Channel (VGIC)
superfamily members includes six-transmembrane a-helical segments in
which the first four form a voltage-sensing domain and the last two form
the pore domain (PD). Studies of potassium channels from the VGIC super-
family together with identification of voltage-sensor only proteins have sug-
gested that the VSD and the PD can fold independently. Whether such
transmembrane modularity is common to other VGIC superfamily members
has remained untested. Here we show, using protein dissection, that the
Silicibacter pomeroyi voltage-gated sodium channel (NaVSp1) PD forms
a stand-alone, ion selective pore (NaVSp1p) that is tetrameric, a-helical,
and forms functional, sodium-selective channels when reconstituted into lipid
bilayers. Mutation of the NaVSp1p selectivity filter from LESWSM to
LDDWSD, creates a calcium-selective pore-only channel, CaVSp1p. We fur-
ther show that production of PDs can be generalized by making pore-only
proteins from two other extremophile NaVs: one from the hydrocarbon de-
grader Alcanivorax borkumensis (NaVAb1p), and one from the arsenite oxi-
dizer Alkalilimnicola ehrlichei (NaVAe1p). Together, our data establish
a family of active pore-only ion channels that should be excellent model sys-
tems for study of the factors that govern both sodium and calcium selectivity
and permeability. Further, our findings suggest that similar dissection ap-
proaches may be applicable to a wide range of VGICs and, thus, serve as
a means to simplify and accelerate biophysical, structural, and drug develop-
ment efforts.
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We investigated the role of charged amino acid residues in the extracellular
(ENC) and intracellular (INC) clusters of S1-S3 segments for each of four do-
mains in skeletal muscle sodium channel NaV1.4. We used charge reversing
and substituting mutations to show that the extracellular cluster of negative
charge in domains III and IV promotes fast inactivation and limits its recov-
ery. E1051R (S1) and D1069K (S2) in domain II slowed entry of channels into
fast inactivation and accelerated recovery; E1051D and D1069E each rescued
wild type fast inactivation parameters. In domain IV, destabilization of the
fast-inactivated state by E1373K (S1) was not rescued in the E1373N muta-
tion, whereas charge-dependent destabilization of fast inactivation was ob-
served with mutations at N1389 (S2). Mutations within the ENC of
domains I and II produced lesser effects on fast inactivation, but did inhibit
activation. Effects on charge reversing mutations within the INC included
an increase in the probability of fast inactivation from closed states. Homol-
ogy models of the voltage sensor module of each domain were constructed
from alignment of sequences of hNaV1.4 to NaVAb, using Modeller. Homol-
ogy models were constructed for S1 through S4-S5 linker regions, basing the
models on the data inferred from the crystal structure of the bacterial sodium
channel (Payandeh et al., 2011). The models for hNaV1.4 voltage sensor mod-
ule in domains I to IV support the hypothesis that S1-S3 counter charges in-
fluence the movement of S4 during activation and may explain the effects of
mutations in these segments to regulate fast inactivation in a mammalian so-
dium channel.1656-Pos Board B426
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The question of how S4 charges are stabilized in the hydrophobic membrane
environment is of critical importance to understand the function of voltage-
gated ion channels (VGICs). Besides lipids, proteinaceous interactions are
thought to play an important role and, indeed, the electronegative surface po-
tentials of aromatic side chains and the net negative charge of acidic side chains
are well suited to fulfill this role. Interestingly, a single aromatic side chain in
S2 and a number of acidic side chains in S2 and S3 are highly conserved among
VGICs. These residues have been extensively studied in potassium channels
but little is known about their role in sodium channels. Here we incorporate un-
natural amino acids to probe their contributions to channel gating in the skeletal
sodium channel isoform (Nav1.4). Replacing the S2 aromatic in domains I-IV
with fluorinated Phe derivatives does not affect channel gating, ruling out a cat-
ion-pi interaction with S4 charges. Trp substitutions in this position lead to
a significant right-shift in the GV in domain I only, highlighting not only the
functional differences between Nav domains, but also sodium and potassium
channels, as the latter show a dramatic left-shift in the GV when Trp is intro-
duced at the equivalent position in S2. Furthermore, we replaced Glu side
chains with the neutral isosteric Glu analog nitrohomolalanine (Nha). Our
data show that neutralizing a negative charge in S2 near the extracellular end
of S4 leads to a significant right-shift in the GV in domain I, while neutralizing
negative charges in S2 and S3 near the intracellular end of S4 result in small or
no shifts in the GV. Together, these results shed new light on our understanding
of voltage-gating in sodium channels.
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Auxiliary b1 subunits are integral membrane proteins that play important roles
in modulating the trafficking and gating properties of Nav channels. For exam-
ple, co-expression of b1 with rNav1.2a in Xenopus oocytes shifts both steady-
state inactivation and voltage-activation relationships to more negative
voltages, and produces a pronounced hastening of fast inactivation. We started
investigating the mechanism through which b1 alters Nav channel gating by
exploring the hypothesis that this subunit interacts with one or more of the
four voltage-sensing domains in rNav1.2a. We began by examining the influ-
ence of b1 on rNav1.2a gating currents, and observed a pronounced shift to
more negative voltages in the presence of the subunit, suggesting that b1
facilitates voltage sensor activation. Although gating current measurements
provide a powerful tool to investigate overall rNav1.2a voltage sensor mobil-
ity, they represent the collective motion of all four voltage sensors. Thus, to
identify the influence of b1 on individual voltage sensor movements, we are
currently combining gating current recordings with site-specific fluorescence
measurements. We have also begun to examine whether b1 influences the
voltage-sensor pharmacology of rNav1.2a. Our initial experiments with scor-
pion and tarantula toxins suggest that the actions of these toxins on rNav1.2a
are unaltered by co-expression with the b1 subunit. Finally, we are also explor-
ing the influence of lipid modification on the effects of the rNav1.2a/b1 com-
plex, and have observed that enzymatic removal of the choline head group of
sphingomyelin (thereby leaving the ceramide-1-phosphate in the lipid mem-
brane) slows fast inactivation of rNav1.2a/b1 as if no auxiliary subunit is pres-
ent. We are in the process of assessing the influence of this lipid modification
on the interaction between rNav1.2a and b1 by recording gating currents
together with changes in fluorescence signals from labeled regions within
the channel.
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Low pH reduces single channel conductance and destabilizes the fast-
inactivated state of the cardiac voltage-gated sodium channel (NaV1.5) by in-
creasing both window and persistent currents (Jones et al., 2011, Biophys. J.
101(7)). Since fast inactivation is tightly coupled to NaV channel voltage sen-
sor activation, we hypothesized that alterations in the kinetics of voltage
